
Abstract

Aims/hypothesis. We have previously shown that in dia-
betes nitrergic neurones innervating the urogenital and
gastrointestinal organs undergo a selective degenerative
process. This comprises an initial insulin-reversible de-
crease in neuronal nitric oxide synthase (nNOS) in the
axons, followed by apoptosis of the nitrergic neurones,
a process that is not reversible by insulin. Since apopto-
sis was independent of serum glucose concentrations,
and advanced glycation endproducts (AGEs) have been
implicated in the pathogenesis of diabetic complica-
tions, we have now measured AGEs in the serum and
penis, pyloric sphincter and pelvic ganglia of diabetic
animals at different times after streptozotocin treatment.
Furthermore, we have studied their effect in vitro on
human neuroblastoma (SH-SY5Y) cells in the presence
or absence of nNOS expression.
Methods. Serum AGEs were measured using fluorom-
etry and ELISA. Accumulation of AGEs in the tissues
was evaluated with immunohistochemistry. The via-
bility, apoptosis and oxidative stress in SH-SY5Y

cells were measured upon exposure to AGEs or high
concentrations of glucose.
Results. AGEs increased gradually in the serum and tis-
sues of streptozotocin-induced diabetic rats; this pro-
cess was not affected by delayed insulin treatment. In
SH-SY5Y cells, AGEs, but not high glucose concentra-
tions, increased the reactive oxygen species and casp-
ase-3-dependent apoptosis in a synergistic fashion with
endogenous nitric oxide (NO). Apoptosis was prevent-
ed by treatment with a NOS inhibitor, a pan-caspase in-
hibitor, a soluble receptor of AGEs or an anti-oxidant,
but not an inhibitor of soluble guanylate cyclase.
Conclusions/interpretation. The synergistic actions of
NO and AGEs account for the irreversible nitrergic
degeneration in diabetes. [Diabetologia (2004) 47:
331–339]
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Diabetic autonomic neuropathy can lead to diabetic
gastropathy, erectile dysfunction and female sexual
dysfunction which are due to impairment in the func-
tion of nitric oxide (NO)-generating (nitrergic) nerves
[1, 2, 3, 4, 5, 6, 7]. Previous studies have shown de-
creased neuronal NO synthase (nNOS) content in the
pylorus and penis of diabetic animals and patients [4,
5, 8, 10, 11, 12, 13, 14]. However, until recently it was
not clear whether this decrease was due to degenera-
tion of nitrergic nerves [4] or down-regulation of
nNOS protein expression [5, 15]. We have recently
shown that [16] nitrergic neurones innervating the pe-
nis and gastric pylorus of diabetic rats go through a
degenerative process in two phases: in the first phase
the neuronal nitric oxide synthase (nNOS) content is
decreased in the axons, but not in the cell bodies; this
phase is reversible by insulin treatment and is not as-
sociated with neurodegenerative changes. In the sec-
ond phase the neurones undergo an apoptotic degener-



ative process and lose their nNOS content completely;
this phase is irreversible by insulin treatment. Nitre-
rgic responses are lost gradually throughout the two
phases; this process is reversible by insulin treatment
in the first but not in the second phase [16]. Interest-
ingly in the second phase irreversible nitrergic degen-
eration as well as loss of nitrergic function occur even
when the animals are made euglycaemic by treatment
with insulin [16]. These findings prompted us to study
factors other than high glucose that might lead to apo-
ptotic neurodegeneration.

There is increasing evidence for a role for ad-
vanced glycation endproducts (AGEs) in the develop-
ment of diabetic complications [17]. An AGE-modi-
fied form of human haemoglobin has been shown to
decline following insulin treatment more slowly than
HbA1c, suggesting an irreversible nature of the AGE
products [18]. More recently, delayed insulin treat-
ment has been shown to fail to normalise the elevated
serum AGE concentrations in diabetic rats [19]. We
have therefore measured AGEs in the serum and tis-
sue of diabetic rats with or without insulin treatment.
We have also studied the effects of high glucose and
AGEs on SH-SY5Y human neuroblastoma cells in the
presence or absence of nNOS expression.

Materials and methods

Induction of diabetes. Male Wistar rats (225–250 g) were treat-
ed with STZ (75 mg/kg, i.p.) or vehicle (saline) as described
previously [4, 16]. Hyperglycaemia was defined as a non-fast-
ing blood glucose concentration over 20 mmol/l. Insulin was
administered 4, 8 or 12 weeks after STZ injection using 
sustained-release insulin rods (~2 U/day; LinBit, Ontario, 
Canada). Rats were killed at 4, 8, 12, 16 and 20 weeks after
STZ injection and their blood, penis, stomach with gastric py-
lorus and bilateral major pelvic ganglia (MPG) were collected.
Blood was centrifuged to obtain serum for measuring AGEs
and glucose. All animal experiments were conducted accord-
ing to the rules outlined by the Home Office, Animals (Scien-
tific Procedures) Act 1986 (project number: 70/05161).

Throughout the paper STZ-treated animals without any in-
sulin replacement are referred as Xw, where X is the number
of weeks the animal was kept alive following STZ treatment.
STZ-treated animals with insulin replacement are referred as
X/Y where X is the number of weeks the animal was kept alive
and Y is the number of weeks it received insulin. Insulin treat-
ment was always given for the last Y weeks of the study.

Measurement of AGEs in the serum using fluorometry. AGEs
were measured in the whole serum as described previously
[20, 21]. The samples were run through a HPLC to measure
fluorescence (λex=370 nm, λem=440 nm) and to measure pep-
tides (λ=214 nm). AGEs-fluorescence was expressed as the ra-
tio of the area under the fluorescent curve to the area under the
peptide curve.

Measurement of AGEs in the serum using ELISA. The wells
(96-well Maxisorp ELISA plate, NUNC, Paisley, UK) were
coated with polyclonal anti-AGE antibody (AGE102;
10 µg/ml; Biologo, Kronshagen, Germany) in 50 mmol/l car-
bonate buffer (pH 9.6) overnight at room temperature. The

wells were then washed with PBS containing 0.05% Tween 20
and blocked at room temperature with PBS containing 0.25%
bovine serum albumin. After washing, the wells were incubat-
ed with the standards (AGE-human serum albumin as de-
scribed below; diluted 1:10–1:100,000) or samples (rat serum
diluted in PBS 1:10–1:10,000) at room temperature for 3 h.
After washing, the wells were incubated with monoclonal anti-
AGE antibody (clone 6D12; 0.5 µg/ml; Biologo) for 2 h at
room temperature followed by anti-mouse IgG-HRP (1:7500;
Autogen Bioclear, Calne, UK) for 1 h at room temperature.
The wells were washed again and developed with peroxidase
substrate (Autogen Bioclear). The absorbance at 650 nm was
measured after a 20 min reaction time. After adding the stop-
ping solution (Autogen Bioclear) the reading was repeated at
450 nm. The absorbance obtained using AGE-human serum al-
bumin was used as standard. Because of the high inter-assay
variability the results were expressed as the percentage of the
control (non-diabetic) rat serum within the same plate.

Immunostaining of penis, pyloric sphincter and MPG with
AGE antibody. After fixation in 4% paraformaldehyde over-
night at room temperature, the tissues were transferred into
30% sucrose in phosphate buffer and kept at 4°C overnight.
The samples were then frozen in OCT compound (BDH,
Poole, UK) and serial cryosections at 10–20 µm intervals were
obtained using a cryostat (−18°C; Leica, 2800 Frigocut-E,
Bensheim, Germany). The sections were dried on gelatine-
coated slides for 2 h at room temperature, then incubated with
PBS containing 0.1% Triton X-100 and 5% of the serum of the
species from which the secondary antibody was obtained. Then
the slides were incubated with antibodies against nNOS (raised
in sheep, K205 [22]; 1:2000) or tyrosine hydroxylase (TH;
1:200; Chemicon, Harrow, UK) at 4°C overnight and with ad-
vanced glycation endproducts (AGEs; clone 6D12; 2 µg/ml;
Biologo) for 2 h at room temperature followed by detection
with appropriate fluorescent conjugated secondary antibodies.
The images were obtained using a laser-scanning confocal mi-
croscope (Leica TCS-DMRE, Bensheim, Germany). Image
analysis was performed using Leica Confocal Software (Ver-
sion 2.00, build0871).

The immunostaining density was measured as the mean
amplitude of fluorescence per 1 µm2 in selected areas occupied
by nerve cell bodies. In order to avoid day-to-day variation in
fluorescence intensity, several sections from different experi-
mental groups were immunostained and analysed in the same
batch on the same day. The laser intensity and gain functions
were set according to the control tissue; thereafter these set-
tings were applied to all sections from all experimental groups
within the same batch. The results were expressed as percent-
age of control to avoid the variation between different batches.

Production of HSA-AGEs. Human serum albumin (HSA;
50 mg/ml) was incubated with 1 mol/l glucose in PBS in ster-
ile conditions at 37°C for 12 weeks. Excess unbound glucose
was then removed using dialysis against a high volume of
PBS.

Stimulation of SH-SY5Y cells. Human neuroblastoma cells (SH-
SY5Y from European Cell Culture Collection; passages 13–20)
were grown in DMEM/F12 mix (1:1) with glutamax-I (Life
Technologies, Paisley, UK), 15% foetal calf serum, 10 mmol/l
HEPES, 1% non-essential aminoacids and 1% antibiotics. Serum
was withdrawn 24 h before any stimulation. The cells were stim-
ulated with retinoic acid (RA; 25 µmol/l) and/or HSA-AGEs
(0.5 mg/ml) or high glucose (up to 50 mmol/l) in the presence of
0.5% serum and in the absence or presence of an inhibitor of ni-
tric oxide synthase NG-nitro-L-arginine methyl ester (L-NAME;
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500 µmol/l), the pan-caspase inhibitor Z-Val-Ala-Asp(OMe)-
CH2F (Z-VAD-FMK; 50 µmol/l), the anti-oxidant N-acetyl-L-
cysteine (NAC; 100 µmol/l), the soluble receptor of AGE
(sRAGE; 125 µg/ml) or the soluble guanylyl cyclase inhibitor
1H-[1,2,4]oxadiazolo[4,3,-a]quinoxalin-1-one (ODQ, 10 µmol/l).

Finding the optimum “high” glucose concentration. In order to
find the highest glucose concentration to mimic the diabetic
situation without any effect on cell viability due to hyperosmo-
larity, we assessed the effect of high glucose and mannitol con-
centrations on the viability of SH-SY5Y cells. The cells were
exposed to varying concentrations of extra glucose or mannitol
(0–300 mmol/l) in medium containing 0.5% serum for 24 or
48 h, after serum deprivation for 24 h. The viable cells were
then measured using a colorimetric assay based on the ability
of live cells to reduce a tetrazolium-based compound to a blue
formazan product (MTT method) [23]. At 100 mmol/l or
above both glucose and mannitol similarly decreased the via-
bility, suggesting a non-specific effect probably due to hyper-
osmolarity (not shown). Therefore we used up to 50 mmol/l
glucose in our experiments to mimic diabetic conditions.

Immunostaining of SH-SY5Y cells. Cells seeded on glass cover
slips were stimulated with RA (25 µmol/l) or the vehicle (DM-
SO). The cells were then fixed in ice-cold methanol, washed
twice in PBS and incubated with nNOS antibody (1:2000;
Transduction Laboratories, Oxford, UK) or antibody against a
cholinergic nerve marker choline acetyltransferase (ChAT;
1:1000; Chemicon) overnight at 4°C followed by detection
with appropriate fluorescent secondary antibodies.

Immunoblotting using SH-SY5Y cells. 2.0×107 cells stimulated
as above (see Stimulation of SH-SY5Y Cells) were collected,
washed and re-suspended in 1 ml of homogenizing buffer
[20 mmol/l HEPES, 1 mmol/l EDTA, 0.2 mol/l sucrose,
20 µg/ml soyabean trypsin inhibitor, 20 µg/ml leupeptin,
5 µg/ml pepstatin A, 5 mmol/l DL-dithiothreitol (DTT),
5 µg/ml E-64, 5 µg/ml bestatin, 5 µg/ml aprotinin, 10 µg/ml
3–4-DCL, pH 7.2, 4°C]. The cell membranes were disrupted
using a sonicator at 20 µm for 5 s at 4°C. The lysate was cen-
trifuged at 13,000 g for 15 min at 4°C. The protein content of
the supernatant was measured and 50 µg of each sample was
run on 7.5% polyacrylamide SDS gel and then transferred onto
nitrocellulose membranes. The blots were incubated with
monoclonal antibodies against nNOS or iNOS (1:500, BD
Transduction, Oxford, Oxfordshire, UK) followed by HRP-
conjugated anti-mouse IgG (1:4000, Calne, Wiltshire, Aut-
ogenBioclear, UK). The reactive bands were detected with a
luminol-based kit (ECL, Amersham, Little Chalfont, Bucking-
hamshire, UK). Cytosols from rat brain or endotoxin-stimulat-
ed mouse macrophages (J774) were used as positive controls
for nNOS and iNOS respectively.

NOS activity in SH-SY5Y cells. 2×107 cells were collected,
lysed using HESD buffer (20 mmol/l HEPES pH 7.2, 1 mmol/l
EDTA, 0.2 mol/l sucrose, 5 mmol/l dithiothreitol, 0.1 mmol/l
PMSF, 20 µg/ml leupeptin and soya bean trypsin inhibitor,
5 µg/ml pepstatin A, E-64, bestatin, aprotinin and 3,4-dichloro-
isocoumarin) and centrifuged at 13,000 g for 30 min at 4°C.
Endogenous L-arginine in the supernatant was removed using
activated Dowex-50W resin. Nitric oxide synthase was as-
sayed in the supernatant by the formation of [U-14C]-citrulline
from L-[U-14C]-arginine as described previously [4].

Measurement of apoptosis. Apoptotic cells were distinguished
from non-apoptotic cells by their decreased DNA content as
determined by their lower propidium iodide (PI) staining inten-

sity in the presence of RNase. Cells stimulated as above were
collected and incubated in the presence of TRIS (10 mmol/l),
NaCl (1 mmol/l), RNAse (100 µg/ml), Tween 20 (0.1%) and PI
(0.004%) at 37°C for 25 min. Apoptotic cells were counted 
using a flow cytometer (FACSCalibur, Becton Dickinson, 
Oxford, UK).

Caspase-3 assay. 6×106 cells stimulated as above were collect-
ed and incubated with cell fixation and permeabilization solu-
tion (Cytofix-Cytoperm, BD Biosciences, Oxford, UK) for
15 min at room temperature, washed with wash buffer (Perm-
Wash Buffer, BD Biosciences) and incubated with anti-active
caspase-3 monoclonal antibody (BD Biosciences) for 1 h at
room temperature. The cells were then washed and caspase-3-
positive cells were counted using flow cytometry.

NO and ROS. 3-amino-4-aminoethyl-2–7-difluorofluorescein
(DAF-FM) and 2-7-dichlorofluorescein diacetate (H2-DCFDA)
were used as fluorescent probes for NO and oxidative stress re-
spectively. They were incubated with 2×106 cells at 37°C for
30 min in the presence of 0.5% serum and 0.25 µg/ml PI. The
cells were then washed with PBS and the fluorescence signal
was measured using flow cytometry.

Statistical analysis. Results are expressed as mean values ±
standard error of the mean from a number (n) of independent
experiments or animals. Statistical analyses were performed
using Prism software (version 3.0; GraphPad Software, San
Diego, Calif., USA). Data were compared by Student’s un-
paired, two-tailed t-test. A p value of less than 0.05 was con-
sidered statistically significant.

Results

Delayed insulin treatment corrects serum glucose and
body weight loss. Diabetes was induced in male rats
by treating them with STZ. 8 weeks and 12 weeks af-
ter STZ injection, some of the animals were implanted
with insulin rods (delayed insulin treatment; Groups
20/8, 20/12, 16/4 and 16/8). Some animals received
insulin implants immediately after STZ injection (con-
tinuous insulin treatment; Groups 20/20, 16/16, 12/12,
8/8 and 4/4). Body weight and serum glucose concen-
tration showed that the untreated diabetic rats lost
weight or did not gain as much weight as control ani-
mals and their serum glucose concentration remained
high. The animals with continuous insulin treatment
had similar body weight and serum glucose patterns to
control animals. The animals with delayed insulin
treatment gained weight and their serum glucose con-
centrations decreased to non-diabetic levels shortly af-
ter implantation of insulin rods (Fig. 1).

Serum AGEs. AGEs concentrations in the serum in-
creased gradually throughout the 20 weeks of diabe-
tes. The slope of the increase was sharper after the 8th
week when serum AGEs were measured using fluo-
rometry (Fig. 2a) or after the 12th week when ELISA
was used (Fig. 2b). Continuous insulin treatment kept
the serum AGEs at control levels (Fig. 2a). Insulin
treatment begun at the 8th week did not reduce the

Synergistic action of advanced glycation end products and endogenous nitric oxide leads 333



concentrations of AGEs in the serum but prevented
their increase (Fig. 2a,b). Insulin treatment begun at
the 12th week, however, failed to prevent the increase
in AGEs (Fig. 2a,b).

Accumulation of AGEs in the tissues. AGEs accumu-
lation was evident in the penis, pyloric sphincter (not
shown) and MPG (Fig. 2c, Fig. 3) from the 16th week
onwards. In the MPG, significant AGE accumulation
was observed in both nNOS- and TH-positive cells
from the 16th week. Treatment with insulin prevented
the accumulation of AGEs in Group 20/12 but not in
Group 20/8 (Fig. 2c).

HSA-AGEs but not high glucose cause apoptosis in
nNOS-positive cells. Human neuroblastoma cells (SH-
SY5Y) expressed nNOS for 72 h when stimulated
with retinoic acid (RA). RA-stimulated cells devel-
oped dendritic elongations and were cholinergic
(ChAT-positive) (Fig. 4). nNOS protein was detectable
by Western blotting for 72 h in RA-treated cells but
not in control cells (not shown) and constitutive NOS
activity was increased following RA stimulation from
undetectable levels to 400 fmol/mg protein/min. There
was no detectable inducible NOS protein or activity in
the cells with or without RA-stimulation (not shown).
Therefore we used control (untreated) SH-SY5Y cells

334 S. Cellek et al.:

Fig. 1a, b. Body weight (a) and serum glucose concentration
(b) of rats at different stages of diabetes. Non-diabetic control
animals (filled squares), STZ-treated diabetic animals that re-
ceived continuous insulin from 0 week (open squares), STZ-
treated diabetic animals that received no insulin (filled circles),
STZ-treated animals that were implanted with insulin rods at
the 8th week (open triangles) and the 12th week (filled trian-
gles). For clarity serum glucose concentrations of diabetic rats
which received insulin from 0 week have not been shown; they
were similar to the non-diabetic group. *p<0.05 significantly
different from control at the same time point. † p<0.05 signifi-
cantly different from STZ group at the same time point

Fig. 2a–c. Serum AGEs and accumulation of AGEs in the
MPG. Non-diabetic control animals (filled squares), STZ-treat-
ed diabetic animals that received continuous insulin from 0
week (open squares), STZ-treated diabetic animals that re-
ceived no insulin (filled circles), STZ-treated animals that were
implanted with insulin at the 8th week (open triangles) and the
12th week (filled triangles). (a) Serum AGEs, measured as the
ratio of AGE-specific-fluorescence to total peptide content,
were elevated in STZ-treated animals with a sharp increase af-
ter the 8th week, reaching a maximum at the 16th week. (b)
Serum AGEs measured using ELISA showed a similar pattern.
Insulin treatment begun at the 8th week but not the 12th week
prevented further increase in serum AGEs. (c) Immunostaining
intensity of AGEs in the MPG showed a sharp increase after
the 12th week. *p<0.05 significantly different from control



and RA-treated SH-SY5Y cells as a nNOS-negative
and nNOS-positive peripheral nerve cell model, re-
spectively.

When exposed to HSA-AGEs (0.5 mg/ml), the SH-
SY5Y cells underwent apoptosis. The percentage of
apoptotic cells was significantly higher in RA-treated
and AGE-treated cells than in controls. However RA
and AGEs in combination caused more apoptosis than
either did alone. The combination of RA and AGEs
was supra-additive at 48 and 72 h. Synergistic action
of RA and AGEs was prevented if the cells were treat-
ed with L-NAME, Z-VAD-FMK, sRAGE or NAC but
not ODQ (Fig. 5, Fig. 6). High glucose (50 mmol/l)

did not increase apoptosis in the absence or presence
of RA-stimulation (Fig. 5).

HSA-AGEs-induced apoptosis is caspase-3-depen-
dent. The percentage of caspase-3-positive cells in-
creased significantly when RA-stimulated cells were
exposed to HSA-AGEs; this was prevented if the cells
were pre-treated with L-NAME, Z-VAD-FMK or
NAC but not with ODQ. RA alone or HSA-AGEs
alone were equally effective in increasing caspase-3-
positive cells but were more effective in combination
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Fig. 3. Accumulation of AGEs was evident in the MPG by the
16th week. nNOS-positive (blue arrow) and nNOS-negative
cells (white arrow) were equally immunostained with anti-
AGE-antibody. Scalebar is 120 µ

Fig. 4. Effect of retinoic acid (RA) on the human neuroblasto-
ma SH-SY5Y cells. Treatment with RA increases nNOS and
choline acetyl transferase (ChAT) expression and induces den-
dritic elongation in SH-SY5Y cells

Fig. 5. In SH-SY5Y cells HSA-AGEs induce apoptosis, which
is augmented with endogenous NO. The percentage of apoptot-
ic cells increased more in the groups with RA+HSA-AGE than
with RA or HSA-AGEs alone. This was prevented when the
cells were treated with the NOS inhibitor, L-NAME
(500 µmol/l), the pan-caspase inhibitor Z-VAD-FMK (FMK;
50 µmol/l) or the anti-oxidant N-acetyl-L-cysteine (NAC;
100 µmol/l) but not with an inhibitor of soluble guanylate cy-
clase (ODQ; 10 µmol/l). *p<0.05 significantly different from
control; † p<0.05 significantly different from other treatments
in the same group



(Fig. 7). High glucose did not affect the caspase-3
positivity in any group (not shown).

Combination of AGEs and endogenous NO induces
oxidative stress. We measured NO and reactive oxy-
gen species (ROS) in SH-SY5Y cells using intracellu-
lar fluorescent probes. The NO signal was increased
by RA or RA+HSA-AGEs but not by HSA-AGEs
alone. The ROS signal was increased by RA+HSA-
AGEs or HSA-AGEs alone. The highest increase in
ROS was found in the RA+HSA-AGE group. The in-
crease in the NO and ROS signals in RA+HSA-AGE
group was attenuated in the presence of L-NAME. 
L-NAME did not affect the ROS signal when the cells

were exposed to AGEs alone (Fig. 8). High glucose
concentrations (up to 50 mmol/l) did not increase NO
or ROS signal in any group (not shown).

Discussion

We observed a gradual increase in serum AGEs con-
centration throughout the 20 weeks of diabetes. How-
ever after the 8th–12th week a sharper increase was
detected. The reasons for this are not clear, although it
is possible that the clearance mechanisms for AGEs
were impaired as diabetes progressed [24, 25]. This is
also suggested by the fact that in STZ-diabetic ani-
mals early insulin treatment (started at the 8th week)
prevented a further increase in AGEs while the de-
layed treatment (started at the 12th week) failed com-
pletely to prevent it. Interestingly, accumulation of
AGEs in tissues could only be detected after 12 weeks
of diabetes. Together, these results suggest that the
AGEs formed early on are adequately cleared from
the plasma and tissue compartments and that this
clearing mechanism is impaired as the disease pro-
gresses. Furthermore, our results seem to indicate that
a critical concentration of AGEs in the plasma is nec-
essary for AGEs accumulation in the tissues and sub-
sequent tissue damage to occur. It is also likely that
accumulation of AGEs in tissues explains the progres-
sion of hyperglycaemia-induced alterations during
normal glucose homeostasis [26, 27]. Indeed, in our
delayed insulin treatment group (group 20/8) serum
AGEs were high and there was accumulation of AGEs
in the MPG even though serum glucose concentrations
had been normalized. Moreover we have observed
neuronal apoptosis in vivo in the nitrergic neurons in
this group [16].
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Fig. 6. Treatment of cells with soluble receptor of AGEs
(sRAGE) prevents apoptosis induced by HSA-AGEs. sRAGE
(125 µg/ml) prevented apoptotic cell death induced by HSA-
AGEs alone or RA+HSA-AGEs but not by RA alone. *p<0.05
significantly different from control; † p<0.05 significantly dif-
ferent from other treatments; ‡ p<0.05 significantly different
from RA+AGE; § p<0.05 significantly different from AGE 
only

Fig. 7. HSA-AGEs-induced apoptosis in nNOS-positive cells
is caspase-3-dependent. Caspase-3-positive cells increased in
number more in the RA+HSA-AGEs group than in the RA or
HSA-AGEs groups alone. L-NAME, Z-VAD-FMK, NAC but
not ODQ reversed this. *p<0.05 significantly different from
control; † p<0.05 significantly different from other treatments
in the same group

Fig. 8. HSA-AGEs-induced apoptosis in nNOS-positive cells
is associated with increased oxidative stress. Reactive oxygen
species (ROS; white columns) and NO (black columns) were
measured in SH-SY5Y cells using intracellular fluorescent
probes (H2-DCFDA and DAF-FM respectively). *p<0.05 sig-
nificantly different from control



Since the steep increase in serum AGEs and accu-
mulation of AGEs in the tissues coincided with apop-
tosis which occurred selectively in the nitrergic neu-
rons of STZ-induced diabetic rats [16], we hypothe-
sized that the combination of endogenous NO and
AGEs could be the cause of the selective nitrergic cell
death leading to nitrergic nerve fibre loss. In order to
test this hypothesis we exposed undifferentiated and
differentiated SH-SY5Y human neuroblastoma cells,
which are nNOS-negative and positive respectively, to
exogenous HSA-AGEs. HSA-AGEs alone produced
caspase-3-dependent apoptotic cell death, in accor-
dance with previous studies [28, 29]. HSA-AGEs-in-
duced apoptosis was significantly increased in the
nNOS-positive cells; this could be prevented if the
cells were treated with an inhibitor of NOS, suggest-
ing a synergistic action of AGEs and NO in inducing
apoptosis.

Apoptosis due to HSA-AGEs in the nNOS-positive
cells was not inhibited by ODQ, showing that this is
not a process dependent on activation of soluble gua-
nylyl cyclase. However, it could be prevented by
treatment with an antioxidant, pointing to oxidative
stress as a cause of cell death. Since AGEs and oxida-
tive stress have been linked [30] and endogenous NO
is known to contribute to intracellular oxidative
stress[31], we investigated oxidative stress markers in
SH-SY5Y cells. Indeed we have found that the high-
est increase in ROS upon exposure to AGEs occurred
in nNOS-positive cells.

The induction of cell death by both AGEs and NO
has been associated previously with oxidative stress
[32, 33, 34, 35]. The source of oxidative stress in dia-
betes mellitus, however, has not been fully elucidated.
In endothelial cells, hyperglycaemia-induced overpro-
duction of superoxide has been claimed to activate the
hexosamine pathway and lead to the formation of in-
tracellular AGEs [36]. Similarly, hyperglycaemic con-
ditions have been linked to oxidative stress and induc-
tion of neuronal apoptosis [37]. In both of the above
studies hyperglycaemia-induced mitochondrial dys-
function has been suggested to be the source of ROS.
However, in our studies we could not observe either
apoptosis or ROS formation in the presence of high
concentrations of glucose. Our results suggest that
AGEs rather than hyperglycemia per se are a prerequi-
site for ROS formation and cell death.

Whether AGEs induce ROS formation directly [38]
or through their receptor, RAGE [34] has been debat-
ed. We think that in our experiments ROS are generat-
ed through RAGE because of two reasons: Firstly, the
measurement of ROS was performed after AGEs were
removed from the medium, suggesting that an intra-
cellular mechanism of ROS formation must have been
switched on by AGEs, most probably thorough
RAGE. Secondly, co-incubation of AGEs with
sRAGE prevented the cells from undergoing apopto-
sis. Further research would be required to investigate

the intracellular pathway involved in ROS formation
following RAGE activation.

Aminoguanidine, a potent inhibitor of AGE-medi-
ated crosslinking, has been shown to prevent the de-
velopment of nitrergic dysfunction in the penis [39,
40] and to prevent depletion of nitrergic neurones in
the retina of diabetic rats [41]. However aminoguani-
dine also inhibits nNOS [42] and iNOS [43]. New
compounds which inhibit formation of AGEs, break
the AGE-crosslink or inhibit RAGE without affecting
NO synthesis [44] need to be evaluated in prevention
of nitrergic neuropathy.

Our in vitro (present study) and in vivo results [16]
indicate a role for endogenous NO produced by nNOS
in apoptotic cell death. Other forms of NOS which
could be involved in the apoptotic process by produc-
ing high amounts of NO are inducible NOS (iNOS)
and endothelial NOS (eNOS). In our studies, however,
we did not detect induction of iNOS in the penis or
pyloric sphincter of diabetic rats or in the SH-SY5Y
cells when exposed to RA or AGEs (S. Cellek, unpub-
lished observations). Peroxynitrite, the product of the
reaction between NO and superoxide in arterioles that
provide circulation to the sciatic nerve, has been sug-
gested to be involved in diabetic neuropathy [45, 46].
Although we did not detect any increase in nitrotyro-
sine immunostaining in diabetic rat penis [4], we can-
not exclude the possibility that eNOS from nearby
blood vessels could produce NO, leading to nitrergic
degeneration. Therefore we suggest that endogenous
NO derived from nNOS in the nitrergic neurones
and/or eNOS in the nearby endothelial cells is in-
volved in the apoptotic death of neurones.

We could not detect any difference between AGEs
accumulation in neurons which die earlier (i.e. nitre-
rgic/cholinergic nerves which are nNOS-positive) and
those which die later (i.e. sympathetic which are TH-
positive and nNOS-negative) in the course of diabetes.
AGEs seem to be accumulating equally in every com-
partment of the ganglia without any preference. The
difference between early and late death seems to be
determined by the presence of NO within the cell. In-
deed, nitrergic nerves seem to be more sensitive to di-
abetic insult than sympathetic nerves which do not
contain nNOS [4, 16]. Therefore we propose that the
synergistic action of extracellular AGEs and endoge-
nous NO within the nitrergic neuron leads to selective
nitrergic degeneration in diabetes.

In conclusion the results of the present study show
an increase in serum AGEs during diabetes that can-
not be reversed after a certain time point by insulin
treatment. Furthermore, exogenous application of
HSA-AGEs to differentiated human neuroblastoma
cells induces NO- and caspase-3-dependent apoptosis
which involves increased oxidative stress. These re-
sults suggest a pivotal role for AGEs and NO in the
pathogenesis of diabetic autonomic neuropathy.
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